ABSTRACT Quantifying the exposure of construction painters to mixed organic solvents is difficult in the face of a lack of industrial hygiene data, the heterogeneity of the solvents used, and the variability in work practices which influences the amount of solvents to which a worker is actually exposed. This report describes an attempt to derive an estimate of airborne solvent exposure using questionnaire responses in a population of construction and maintenance painters. This exposure index (EI) is a weighted average of the total number of gallons used a year minus the fraction which would be absorbed by a respirator, where the weights are based on the method of application (spraying, rolling, brushing) 
In construction and maintenance painting coatings are applied to interiors and exteriors of commercial and inidustrial buildings, as well as other structures such as tanks, vessels, and bridges. In 1977 there were in the United States about 450 000 union and nonunion workers employed in this occupation, applying Accepted 14 April 1986 which, while of low toxicity in themselves, require a much higher relative solvent composition (up to 50% of the paint product). Though the popularity of water based latex paints has increased dramatically over the past 15 to 20 years, solvent paints are still widely used. About a half to a third of solvents produced in the United States are used in manufacturing surface coatings3 (M Guilleman, at international conference on organic solvent toxicity, Stockholm, Sweden, 1984) .
Solvent based paints consist of three components: (1) a vehicle, including solvents and resins used as binders; (2) a filler, including pigments and extenders; and (3) additives, including driers, biocidal compounds, and stabilisers. Each of these components may provide a hazardous exposure to those who work with paints. Of major concern are industrial organic solvents, many of which have been shown adversely to affect the functioning of the central nervous systemn (table 1) . Several epidemiological studies have focused on workers in a variety of painting operations, as these workers experience a potentially hazardous exposure to many different solvents. Indus-133 Burgess.7 trial paints used in the past contained as many as eight or ten different solvents, whereas most formulations in use today contain four or fewer. 4 The aliphatic and aromatic solvents are the most common in solvent based paints and in uses that require more expensive oxygenated solvents (alcohols, ketones, and ester/ether) an equal amount of hydrocarbons is usually included.3 The aromatics, although less effective than the aliphatics, have been decreasing in use because of their greater toxicity.
Modifying factors of solvent exposure
The inhaled dose of solvents-that is, the amount of vapour inhaled that ultimately reaches the target organs-is dependent on several physiological parameters. These include pulmonary ventilation rate, diffusion of the solvent through the alveolocapillary and tissue membranes, and solubility of the solvent in blood and tissues.5 Solvents may also enter the bloodstream by absorption through the skin. There, individual differences in skin permeability and protection can also affect the total body dose.
The total inhalation exposure to organic solvents generated by workers during painting operations is modified by several factors pertaining to work practices and working conditions. The use of a respirator is an important factor, both because of its potentially large influence in reducing the amount of solvent actually absorbed and because the wearing of respirators varies considerably and non-randomly over a population of painters. Spray painters (with the heaviest total exposure) often wear respirators almost all the time, thus reducing their effect exposure so that it approaches that of those who apply paint with a brush or roller and who have a much lower total exposure but do not wear respirators. Several Estimation of long term exposure to mixed solvents from questionnaire data increase in exposure from spraying reflects the amount of overspray and rebound that occurs. Depending on the method of spraying and the type of surface being painted, the degree of overspray can range from 5% to 90%.7 Because of this variability, it is difficult to estimate the difference in magnitude of exposure that would result from the use of the same amount of paint in the three types of operations, although it is agreed that by far the greatest exposure occurs during spraying operations.
In addition to the use of respirators and the differential exposure generated by the different methods of application, the presence of ventilation is also a factor of interest because of its influence on the effective dose of solvents to an individual. A recent study by Riala et al reported industrial hygiene evaluations of 92 work stations at 18 sites during maintenance painting operations.8 Solvent naphtha concentrations were determined by alkyd and urethane painting performed at these sites, stratified by method of application, room size, and presence or absence of ventilation. Ventilation was considered to be present if there was either mechanical or natural draft ventilation and was found to produce a 50-90% decrease in the ambient air solvent concentration across different application methods and room sizes.
Estimation of exposure: limitations of epidemiological studies
The epidemiological evaluation of the neurobehavioural effects of solvents on painters is complicated not only by the difficulty in measuring the effect of the exposure but also by the exposure itself. Solvent paints are a heterogeneous group of chemicals that often defy attempts to define or even categorise, often because of the lack of informative labelling of containers and the failure of paint manufacturers to disclose the components of the materials. In addition, a large percentage of construction workers are not employed for a substantial period by one employer; rather, they may work for a few days or a few months on a job and then move to another. Therefore, the nature and amounts of paint substances to which they are exposed vary greatly. In addition, because many painters work on transient construction sites the collection of valid hygiene monitoring data is seldom feasible.
Another potential source of documentation of exposure, biological monitoring, may be used if the type of solvent to which the worker is exposed is known. For example, exposure to toluene may be monitored by urinary hippuric acid levels and styrene by mandelic acid levels.9 Paints usually contain mixtures of organic solvents, however, many of which have no biological marker. Painters may use several types of paints, even within the same day. Furthermore, biological measurements reflect only current exposures and cannot be used to assess past exposure.
Because estimating the level as well as the type of exposure over a working lifetime is difficult many studies have used the duration of exposure as the sole estimate of exposure.l [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] This measure ignores the intensity and type of exposure. Furthermore, since the duration of exposure is highly correlated with age and since the occurrence of neurobehavioural impairment increases with age, it is often difficult to distinguish solvent effects from the effects of aging. Furthermore, the use of duration as the sole measure of exposure is based on the assumption that the toxic effects of solvents are a function of cumulative exposure. Other models which use more precise estimates of exposure, incorporating terms for exposure intensity, duration, and work practices, are potentially more useful in epidemiological studies.
Rationale of exposure estimation technique
Frequently the only source of information regarding exposure in a population is a questionnaire completed by the worker. Recently, Mikkelsen and Browne developed a measure of estimated solvent exposure based on extended personal interviews regarding duration of exposure, application rates, materials used, respirator use, and work conditions, including ventilation (reported at Stockholm conference, 1984). The practicalities of a large field study, taking place either at the workplace on "company time" or at another site in the subjects' spare time, preclude the use of such a time consuming instrument.
In evaluating solvent exposed industrial workers Gregersen et al defined exposure on an I1 point scale weighted by specific criteria according to different places of work."6 These criteria included duration of exposure, evaporation rates, ventilation, skin absorption rates, respirator use, and toxicity of the materials used. This type of exposure index is not directly applicable to the study of construction painters, as it is partially based on industrial hygiene data that are unavailable in this population and it cannot easily accommodate the variability in exposure and work conditions experienced by painters. Using their index of exposure, the dose response relation was observed with measures of intellectual and peripheral nerve function.
In an earlier epidemiological study of construction painters we evaluated the questionnaire approach to obtaining a history of solvent exposure. El is the exposure index j is the jth individual i is outdoor/indoor (1 = indoor; 2 = outdoor) r is respirator type (1 = none or dust; 2 = cartridge; 3 = airline) m is method of paint application (1 = spray; 2 = roll; 3 = brush) T is time spent painting (hours) F is the fraction of time R is paint application rate (gallons/hour) E is a relative vapour emission factor for each method (2 5, 1-25, 1, respectively) P is a protection factor for each type of respirator (0, 0-65, 0 90, respectively) V is a ventilation factor relative to outdoors (1, 5, respectively) (SD 2.5) years of school, and an HI of 55-6 (SD 12-2). The 40 remaining painters had a mean age of 37-7 years (SD 9 9), (SD 2 1) years of school, and an HI of 52-0 (SD 11-6). The sprayers consumed more alcohol than the other painters: 19-4 drinks a week (SD 27-5) as opposed to 11-0 (SD 11-8), (SD 14-2), and 9-1 (SD 11 8) for rollers, brushers, and others, respectively.
In this population spray painters applied about four to ten times as many gallons as rollers or brushers (table 3) . On average, however, more than 50% of their total breathing zone vapour was absorbed by respirators, whereas virtually all of the solvent vapour generated by rollers and brushers is available for inhalation because of the lack of respiratory protection. Hence, this four to tenfold increase in total exposure is reduced to a less than two to fivefold increase in inhalable exposure (table 3). All types of painters generally wear respirators when spraying. Estimation of long term exposure to mixed solvents from questionnaire data (fig 1) . The distribution for paint use and inhalable paint level are similar for rollers and brushers.
The eight different exposure indices ( The exposure index for all 1 8 painters (fig 2) ranged from 5542 to 32 684-2 (median: 604). The exposure index was compared among the different types of painters. As expected, sprayers have the highest value, followed by rollers and brushers (table 6) .
The exposure index correlated moderately well with its component parameters (table 7) . None was obviously dominant or irrelevant in contributing to the index. Furthermore, the lifetime exposure index was not correlated with the number of years worked as a painter (r = 0-01). Simply using one of the component variables only (percentage time spent spraying, for example) as an index of exposure, while appealing in its simplicity and ease of use, does result in considerable disagreement in exposure group classification; there is only a 44-9% agreement with ten subjects (8-5%) reclassified by more than one category (table 8) By combining information on years of exposure to paints-that is, exposure duration-with the exposure index (a measure of exposure intensity), a Clearly, the key to the investigation of a dose response relation between exposure to organic solvents and neurobehavioural deficits is a valid estimate of level of exposure. Because of the unavailability of such an estimate among construction workers, studies have had to rely on the duration of the exposure as a surrogate. The exposure index presented here may provide an alternative which can effectively rank individuals by their average long term exposure to mixed organic solvents.
Though the exposure index provides a stable summary measure of the level of solvent exposure, it has several limitations. Differences in paint composition, both in type and toxicity of solvents and in percentage composition of solvents, preclude a direct conversion of the number of gallons to which individuals are exposed to a quantity of solvent. Also, without further information regarding the nature of paints used, it is not possible to account for the possible confounding effects of other neurotoxic constituents such as lead and mercury.
In addition, workers who used solvent paints in the past experienced a somewhat higher exposure than they have recently because many paints contained Estimation of long term exposure to mixed solvents from questionnaire data more solvents per gallon. Older painters, therefore, may show toxic effects that may appear to be due to aging but could in fact be due to their higher previous exposure which is unaccounted for by the exposure index. The expected effect of this problem would appear to be small, however, because the difference in the exposure index that would occur would be relatively minor by comparison with the effect of aging.
Many environmental and occupational conditions present problems similar to those faced when evaluating the exposure of painters; these include lack of hygiene data, mixed exposures, and various job classifications or modes of exposure.The investigation of toxic waste sites and exposure of construction workers to asbestos are examples where an approach similar to the one used here would be helpful in reducing a complex exposure history so that individuals could be ranked in order to investigate dose response relations.
